Fragile X Syndrome (FXS) is a learning disability seen in individuals who have >200 CGG †CCG repeats in the 5 ′ untranslated region of the X-linked FMR1 gene. Such alleles are associated with a fragile site, FRAXA, a gap or constriction in the chromosome that is coincident with the repeat and is induced by folate stress or thymidylate synthase inhibitors like fluorodeoxyuridine (FdU). The molecular basis of the chromosome fragility is unknown. Previous work has suggested that the stable intrastrand structures formed by the repeat may be responsible, perhaps via their ability to block DNA synthesis. We have examined the replication dynamics of normal and FXS cells with and without FdU. We show here that an intrinsic problem with DNA replication exists in the FMR1 gene of individuals with FXS even in the absence of FdU. Our data suggest a model for chromosome fragility in FXS in which the repeat impairs replication from an origin of replication (ORI) immediately adjacent to the repeat. The fact that the replication problem occurs even in the absence of FdU suggests that this phenomenon may have in vivo consequences, including perhaps accounting for the loss of the X chromosome containing the fragile site that causes Turner syndrome (45, X0) in female carriers of such alleles. Our data on FRAXA may also be germane for the other FdU-inducible fragile sites in humans, that we show here share many common features with FRAXA.
INTRODUCTION
Fragile sites are a common feature of mammalian genomes. These sites are apparent as gaps, constrictions or breaks in the chromosome that are visible in metaphase spreads prepared from cells grown in the presence of agents like fluorodeoxyuridine (FdU), distamycin, bromodeoxyuridine or aphidicolin (APH) (see (1, 2) for comprehensive reviews). Fragile sites are also frequent sites of chromosome breakage and translocation in vivo, suggesting that chromosome fragility is not an in vitro artifact, but a feature of normally growing cells. While different agents induce fragility at different chromosomal loci, all of these agents interfere with DNA replication in some way, suggesting that the different fragile sites represent sequences that are either difficult to replicate or replicate late in S phase. Cells treated with such agents could then enter mitosis before replication of the fragile site region has been completed. This would result in premature chromatin condensation and the microscopic appearance of the fragile site.
Many of the common fragile sites such as those induced by APH, a DNA polymerase a inhibitor, are spread over megabases of DNA with a heterogeneous composition (1) . While these regions are often enriched for A + T-rich sequences and sequences with high flexibility and low stability (3) , as yet no specific sequence responsible for slowing DNA replication has been identified in these regions. Camptothecin (CPT), a topoisomerase I (Topo I) poison, reduces APH-induced chromosome fragility (4) . This has led to the suggestion that APH acts by promoting the uncoupling of the DNA polymerase from the helicase/topoisomerase complex thereby increasing the opportunity for secondary structures to form between the polymerase and the helicase on the exposed template. These structures can then cause replication fork stalling, which in turn results in fragile site production (4) . It has also been suggested that common fragile sites arise from replication stalling at an ORI in an ORI-poor region under conditions of replication stress (5) . Fragile sites are generated because no additional ORIs are available that can be activated to complete replication of the region. On the other hand, there are also data to suggest that structural impediments to DNA synthesis may not be necessary for fragility, and that regions with few ORIs may be fragile simply due to their relative lack of origins (6) or because ORIs are utilized that are less efficient than ORIs elsewhere in the genome (7) .
In addition to the common fragile sites, there are a number of rare fragile sites that are only seen in a subset of the human population. A subset of these fragile sites are induced by folate stress or FdU. Unlike the common APH-inducible fragile sites, FdU-inducible fragile sites all map to much smaller genomic regions that contain long CGG/CCG-repeat tracts that are often methylated. Shorter repeats at the same location are not fragile, suggesting that fragility in these cases cannot simply be the result of their chromosomal context. The best known of this class of fragile site is FRAXA, the fragile site associated with Fragile X syndrome. FXS is an intellectual disability resulting from the inheritance of .200 CGG/CCG-repeats in the 5
′ UTR (8, 9) of the X-linked gene FMR1. Such alleles are referred to as full mutations (FMs) and are usually associated with aberrant DNA hypermethylation of the promoter and transcriptional silencing of the gene. Female carriers of such alleles are at high risk of Turner syndrome in which the X chromosome carrying the FM has been lost (10) . Loss of the FM chromosome may be an in vivo consequence of the expression of FRAXA, resulting perhaps from fusion of two broken sister chromatids at the fragile site to generate a dicentric chromatid, followed by its loss from one cell during cytokinesis. Chromosome fragility is seen at much lower frequencies in carriers of FMR1 alleles that are either normal (,55 repeats) or that have 55-200 repeats (Premutation, PM alleles). In fact, prior to the development of a molecular assay for FXS, chromosome fragility at this locus was a key diagnostic feature of FXS and it is for this site, that the disorder is named.
FdU acts by inhibiting thymidylate synthase (TS). This leads to nucleotide pool imbalances and the slowing of replication (11) . FdU can also become incorporated into DNA leading to the production of FdU:A and, occasionally, FdU:G mispairs (12) . However, the molecular basis of the FdU-inducible fragile sites is unknown. Long CGG/CCG-repeats are known to form a variety of non-canonical structures including hairpins, i-tetraplexes, G-tetraplexes/quadruplexes and Z-DNA (13-19) some of which have been shown to be very effective at blocking DNA synthesis in vitro (16) . These sequences are also associated with blocks to DNA synthesis in vivo (20) and methylation stabilizes some of these structures (18, 21) . Chromosome fragility may result if conditions arise that favor the formation of secondary structures by the repeat that disrupt replication through the repeat-containing region. FdU, because it primarily affects pyrimidine pools, may cause replication of the purine-rich strand to proceed more slowly than the pyrimidine-rich strand, possibly resulting in uncoupling of leading and lagging strand synthesis as has been proposed for the formation of some common fragile sites (4) . This uncoupling could create conditions that favor the formation of secondary structures by the repeat that then blocks the replication fork. The effect of FdU may be exacerbated by the known tendency of transcriptionally inactive alleles to show delayed replication (22) and specifically for FM alleles to replicate very late in the cell cycle (23, 24) .
To better understand the basis of chromosome fragility in FXS, we have examined the expression of the FRAXA fragile site in the presence of both FdU and CPT. We have also ascertained the replication profiles of normal and FXS syndrome alleles in the presence and absence of FdU. Our data show that there is an intrinsic problem with the replication of FM alleles that is seen even under normal growth conditions and that this problem is not specifically exacerbated by FdU treatment. While CPT does reduce chromosome fragility, the replication problem is likely to be unrelated to uncoupling of the polymerase from the helicase/topoisomerase complexes as some have suggested for APH-inducible sites. Rather, we suggest that FRAXA fragility arises because FdU slows replication globally thus making this region that contains an impediment to DNA synthesis and already replicates late, finish replication even later.
RESULTS

CPT reduces FRAXA chromosome fragility
It has been suggested that CPT, a Topo I poison, reduces the fragility of some of the common APH-inducible fragile sites by reducing the opportunity for a secondary structure to form that could cause stalling of the replication fork (4) . To test the effect of CPT on the FdU-inducible FRAXA fragile site, we examined the expression of the fragile site in normal and patient lymphoblastoid cells (see Table 1 ) using combinations of FdU and CPT. In the presence of 0.1 mM FdU but no CPT, cells from two males with normal FMR1 alleles, GM06865 and GM06895, showed very low levels of chromosome fragility (≤1%; data not shown). A cell line carrying an allele that we have shown to be an unmethylated FM (UFM), GM06897, expressed the fragile site in 6% of cells. However, this incidence was not statistically different from that seen in cells with normal FMR1 alleles (data not shown). In contrast, two cell lines containing a methylated FM allele, GM03200 and GM04025, expressed the FRAXA fragile site in 16 -20% of their cells (Fig. 1) . Addition of 3 nM CPT to cultures containing FdU decreased expression of the FX fragile site in these cell lines by 65 and 46%, respectively (P ¼ 0.03 by Fisher's exact test). Addition of 30 nM CPT decreased expression even further (P , 0.05). A decline in fragile site expression was also seen in the case of the UFM carrier, although this did not reach statistical significance (data not shown).
CPT reduces the mitotic index of FdU-treated cells
In principle, CPT could reduce FRAXA expression either by reducing the uncoupling of the polymerase/helicase complex or by Table 2) . We also examined the effect of mitomycin C (MMC), a compound that causes DNA damage by generating DNA crosslinks (25) but that does not target Topo I. MMC reduced both FdU-inducible fragility at FRAXA (Fig. 1B) and the number of cells entering mitosis (Table 2 ). Thus, it may be that 30 nM CPT and both concentrations of MMC tested reduce fragility by causing DNA damage that induces cell cycle checkpoints. This would delay the exit from S phase thus giving cells more time to complete replication before mitosis and chromosome condensation begins. The fact that 3 nM CPT shows a nonsignificant trend toward producing fewer cells that enter mitosis, might indicate that the replication delay may not have to be very long-lived in order to provide sufficient time for cells to complete replication of the FX allele.
ORI activity spanning the FX repeat is seen in a variety of cell types
The ability of DNA damaging agents to reduce fragility would be consistent with the idea that fragility arises because the long CGG-repeat tract blocks replication fork progression. Activation of the DNA damage-induced cell cycle checkpoints increases the time that cells have to complete replication of Figure 1 . Effect of CPT and MMC on expression of the FRAXA fragile site. FM cell lines, GM03200 and GM04025, were treated for 18 h with FdU with and without CPT or MMC at the concentrations indicated. Cells were then treated with colcemid, fixed on slides and subjected to in situ hybridization with a BAC probe containing FMR1 and the chromosomes stained with DAPI as described in the Materials and Methods. The frequency of breaks at FRAXA was then scored. Similar results were seen for samples treated with CPT or MMC for 4 h (data not shown). CPT/MMC alone had no significant effect on chromosome fragility at FRAXA and were significantly different from the FdU-treated samples at P , 0.05 (Fisher's exact test). this locus before mitosis begins. To examine the basis of the replication fork block, we analyzed the 5 ′ end of the FMR1 gene, a region that had previously been shown in two separate studies to contain an ORI in normal (26, 27) and FX (26) fibroblasts using an nascent strand abundance assay.
Analysis of genome-wide datasets for ORI activity generated by deep sequencing of purified nascent strands confirmed the presence of ORI activity in a variety of cell types (the colon cancer cell line, HCT116, the leukemia cell line, K562 and embryonic stem cells, Fig. 2 ). In fact, it revealed the presence of three distinct peaks of increased nascent strand abundance indicative of ORI activity in the 3 kb region containing the 5 ′ end of the FMR1 gene. The presence of ORI activity at the 5 ′ of the FMR1 gene in these diverse cell types increased the probability that a similar ORI activity may be found in the same region of FX patient lymphoblastoid cells.
The three nascent strand peaks were designated as ORIs I, II and III, with ORI I being the most centromeric ( Fig. 2A) . The three peaks span a region of 3 kb. ORIs I and II are located in the promoter region just upstream of the start of transcription and the CGG/CCG-repeat, while ORI III is located just downstream of the repeat in intron 1 (Fig. 2B) . In HCT116 cells, ORI I, II and III are separated by very short regions containing simple repeats. Such sequences would be underrepresented in a genome-wide alignment. Thus, it may be that, in cells like HCT116, a single broad zone of origin initiation activity exists in this region. Peaks with similar nascent strand abundance are not seen for many kilobases on either side of the repeat in all three cell types ( Fig. 2A) . Thus, this replication zone may be used to replicate the FMR1 locus in a significant fraction of cells. In practice, ORI I, II and III would likely operate in different cells, with the activity of the other origins within the replicon being suppressed (28, 29) . The likelihood that replication occurs from a given ORI would be reflected in its nascent strand abundance and this does seem to vary in different cell types.
The core ORI sequence for a given ORI region, as defined by the region containing the largest number of sequence tags obtained by deep sequencing, is likely to be closest to the point of replication initiation in that ORI. The core FMR1 ORI sequences in ESCs, shown in Figure 2B , have a G + C-content of 52, 60 and 71%, respectively. The core ORI I region contains the remnant of an ancient non-LTR retrotransposable element, L2b, a member of the LINE-2 (L2) family (Fig. 2B) . The centromeric end of the full ORI I region contains part of another nonretrotransposon, this time an L1ME5 element which belongs to the family of LINE-1 (L1) retrotransposable elements. The incorporation of parts of these elements into functional regions of the human genome represents two examples of how autonomously replicating repetitive elements present in mammalian genomes can become exapted for use by the host. It has been suggested that G-quadruplexes are an integral feature of many mammalian ORIs with a G4 motif and loops of 1 -15 nucleotides identified in 91% of ORIs in IMR-90 cells (30) . We thus assessed the 5 ′ end of the FMR1 gene for the presence of the G4 motif and loop but no such sequences were found. However, quadruplexes can be conformationally complex (31) (32) (33) and one sequence with quadruplex-forming potential (5 ′ GGGGTGAGCTGGGG ATGGGCGAGGGCCGGCGGCAGGTACT AGAGCCGGG CGGGAAGGG 3 ′ ) was identified in the core of ORI III (Fig. 2B) .
ORI activity that spans the repeat is seen in normal lymphoblastoid cells
We carried out a focused nascent strand abundance study in normal and patient lymphoblastoid cells cultured with and without FdU, using the same primers as used in one of the original fibroblast studies and using fragments 0.5-1 kb in size (26) . We also extended the region interrogated by adding a number of additional primer pairs to expand coverage of the FMR1 gene to 17 kb. The locations of the primer sets are shown in Figure 3 . As the yield of PCR product produced by amplification through the repeat is strongly dependent on repeat size and methylation status, both of which differ between normal and patient cells, compensating for these differences would be difficult. We therefore used the yield of PCR products from the regions immediately 5 ′ and 3 ′ of the repeat as indicators of the abundance of nascent DNA from the repeat region. Quantitative analysis of PCR products from these regions demonstrated that the efficiency of amplification of these regions was the same in total genomic DNA from normal and FM cells. Thus, differences in amplification efficiency should not be a confounding factor in our experiments.
In the absence of FdU, a cell line carrying a normal FMR1 allele (GM06895) shows a distribution of nascent strands that has a broad, roughly symmetrical peak spanning the CGG †CCG-repeat tract at the 5 ′ end of the FMR1 gene (Fig. 3) . Thus, there is a zone of active replication at the 5 ′ end of the FMR1 gene in lymphoblastoid cells that is slightly telomeric of the ORI previously identified in normal fibroblasts using the same technique (26, 27) . The height of the peak seen in lymphoblastoid cells is 20 times that seen at the wellcharacterized LaminB2 ORI (data not shown). This peak is just upstream of the CGG/CCG-repeat tract and roughly coincides with ORI II identified by deep sequencing in other cell lines.
In a second normal cell line GM06865, an increase in the amount of nascent strands was also seen in this region. However, the overall nascent strand abundance relative to LaminB2 was lower than it was for GM06895, illustrating the variability in the FMR1 ORI activity seen with cell lines in the normal range (data not shown). In addition to a peak just 5 ′ of the repeat, another peak further 5 ′ of the repeat and a small shoulder in the distribution profile could be seen downstream of the repeat (Fig. 3) . A cell line GM06891 that had 112 repeats, and a cell line containing an UFM allele with 477 repeats, GM06897, both showed nascent strand abundance profiles with multiple distinct peaks in the same region (Fig. 4) . A shows the nascent strand abundance profiles for the GM06865 and GM06895 cell lines. These profiles were determined as described in the Materials and Methods and plotted relative to the four FMR1 transcriptional start sites (tss). To facilitate comparison between cell lines, the individual data points were expressed as a fraction of the highest peak in each dataset and then averaged.
spontaneously expanded derivative of GM06891 with 183 repeats showed a very similar nascent strand abundance profile as its 112 repeat-containing precursor (data not shown).
The peaks/shoulders seen in the nascent strand abundance profile of the GM06865 (normal) cell line roughly correspond to ORI I, II and III identified in the whole-genome dataset. The failure to see multiple distinct peaks in some of the other cell lines may reflect the lack of resolution inherent in the assay or variations in the relative usage of the three sites in cell lines from different individuals. However, in all of these cells, the region corresponding to ORI II has a higher abundance of nascent strands than positions corresponding to either ORI I or ORI III. This would be consistent with the idea that the ORI II is more commonly used than the other two ORIs in lymphoblastoid cells.
FM cell lines have nascent strand abundance profiles that are quite different from normal, PM or UFM cell lines
In contrast to what is seen with normal, PM and UFM cell lines, two FXS cell lines GM03200 and GM04025, both having 500 methylated CGG/CCG-repeats, show profiles with a reduced nascent strand abundance in these cells at the position corresponding to ORI II. Quantification of the PCR product produced from the primer pairs immediately 5 ′ (Frax1C) and 3 ′ (Frax11) of the repeat showed the amount of Frax1C PCR product being 13 -80 times lower than those found in cells with a normal FMR1 allele and levels of the Frax11 product being 5 -15 times lower. This results in a biphasic pattern with the highest abundance of nascent fragments being located at the ORI I and ORI III positions (Fig. 5) . This decline in the amount of amplification from the Frax1C and Frax11 primer pairs is not due to a reduced efficiency of PCR owing to the repeats because a similar PCR efficiency is seen with these primers on total genomic DNA from normal and FX cells (see Materials and Methods). This change in nascent strand abundance profile suggests that replication of the FMR1 region in patient cells under normal growth conditions differs from that in normal cells and that initiation of DNA replication from the preferred origin in normal cells (ORI II) is either considerably reduced or absent in FXS cells.
FdU does not alter the nascent strand abundance profile in either normal or FXS cells
In order to test the effect of FdU on replication from the FMR1 ORI cluster, we treated normal and FXS cells with 0.1 mM FdU for 2 and 18 h before examining the nascent strand abundance at the FMR1 locus. Treatment of cells with FdU did not change the nascent strand abundance profile or the extent of replication activity (normalized to the extent of replication at the LaminB2 ORI) at either time point (Fig. 6 and data not shown). This shows that FdU treatment does not create a specific problem with replication of the FXS allele. Comparison of the nascent strand abundance profiles of a normal male (GM06865), a PM male (GM06891) and a male UFM carrier (GM06897). The nascent strand abundance profiles were determined as described in the Materials and Methods. To facilitate comparison, the number of CGG repeats, which varied among all three cell lines was not shown to scale, and the data points were expressed as a fraction of the highest peak in each dataset. Figure 5 . Comparison of the nascent strand abundance profiles of a normal male (GM06865) and two carriers of methylated FMs (GM04025 and GM03200). The nascent strand abundance profiles were determined as described in the Materials and Methods. To facilitate comparison, the number of CGG-repeats, which varied among all three cell lines was not shown to scale, and the data points were expressed as a fraction of the highest peak in each dataset. (41)), some are late replicating while others replicate early in S phase (Fig. 7) . The same is true for the other 17 FdU-inducible fragile site regions whose precise location has not yet been mapped, with some being located in a chromosomal interval that replicates early, others are located in a late replicating interval, and some are located in an interval containing a mixture of early and late replicating regions (Table 3) . Thus, late replication of the locus in which the CGG repeat is situated is not a prerequisite for FdU-inducible chromosome fragility. However, while fragile sites differ with respect to their locations in early and late replicating regions, all folate/FdUsensitive fragile sites whose locations are precisely known, are located in the 5 ′ UTR of genes and are in close proximity to one or more clustered ORIs (Fig. 8) .
DISCUSSION
Previous work using nascent strand abundance assays demonstrated the presence of an ORI in the promoter region of the FMR1 gene in fibroblasts (26, 27) . Using the same assay, we show here that both normal and FXS patient lymphoblastoid cells show ORI activity that spans the CGG/CCG-repeat region (Figs 4 -6) . The nascent strand abundance profile corresponds generally to the three distinct peaks of nascent strand abundance that are seen in a variety of other cell types using deep sequencing of nascent DNA strands (Fig. 2) . The ORI zone is G + C rich (60.1% overall) and the 3 ′ half of the ORI zone, particularly ORI III, meets the criteria for a CpG island having a G + C content of 69% and an observed-to-expected CpG ratio of 80%. The ORI zone spans the transcription start site(s) as is frequently seen with other ORIs in whole-genome datasets (44, 45) .
FXS cells, which lack FMR1 transcriptional activity and express the fragile site strongly, show nascent strand abundance (42)) and GSM923447 (IMR90; ENCODE/University of Washington, (43)). profiles quite different from the profiles seen in normal, PM or UFM cells even under normal growth conditions. Our data show that the nascent strand abundance from middle of the zone of ORI activity, the region corresponding to ORI II, is reduced in FX cells. This suggests that the expanded methylated repeat affects the amount of replication initiating or extending from this region. It does not seem to reduce the extent of ORI activity at either ORI I or ORI III. However, because the nascent strand abundance assay only examines nascent fragments smaller than 1 kb in length, and ORI I is 1 kb away from the repeat, any problem with replication through the repeat may not be visible in the pool of nascent strands from this ORI. Previous studies of FX fibroblasts showed no patient-specific changes in the nascent strand abundance profile but, in fibroblasts, the major peak of ORI activity overlaps with ORI I (26) . Thus, any effects of the repeat on replication would also not have been visible in the pool of sub 1 kb nascent strands analyzed in that cell type. As ORI III is roughly equidistant from the repeat as ORI II, an effect of the repeat on replication from ORI III should have been apparent in our assay. The fact that it is not suggests that the repeat has a differential effect on ORI II and ORI III with the most commonly used ORI in the 5 ′ end of the FMR1 gene in normal lymphoblastoid cells being dysfunctional in lymphoblastoid cells from individuals that express the FRAXA fragile site. As a 'dominant' ORI in a replicon is thought to repress firing of other closely situated ORIs in the same cell (28, 29) , fragility may arise because in cells in which replication from ORI II is initiated, replication may need to be completed using more distant ORIs.
We had previously hypothesized that there is an intrinsic problem in this region that accounts for the chromosome fragility seen under normal growth conditions when DNA damage repair proteins like ATM and ATR are inhibited (46) . The data we have presented here would be consistent with this idea because the same aberrant replication profile is seen with and without FdU. What the basis of the replication problem is remains to be determined. As FM alleles are silenced, it may be that ORI II is sensitive to the transcriptional status of the FMR1 gene in ways that ORI I and ORI III are not. However, the fact that the entire 5 ′ end of the FMR1 gene that includes the ORI zone is heavily DNA methylated is difficult to reconcile with the idea that ORI II is not used in cells in which the FMR1 gene is not active, but ORI I and ORI III are. Furthermore, it has been demonstrated that many of the same ORIs are used on active and inactive X chromosomes (47, 48) and that transcription is neither necessary nor sufficient for ORI activity at many genes (27, 48, 49) . In fact, it has been suggested that ORI specification is set by transcription in the early embryo (45) . As the FMR1 gene is active in the early embryo even on FM alleles that are subsequently silenced (50) (51) (52) , it may be that heterochromatinization and silencing of these alleles does not explain the altered pattern of ORI usage we have observed.
An alternative explanation for the effects of the repeat on replication may be found in a previous observation, we have made namely that CGG repeats form secondary structures that are effective blocks to DNA synthesis in vitro (16) . Stalled replication forks have also been seen on cloned FX repeats transfected into primate cells (20) . When ORI II is replicated, the CGG strand of the repeat would be the template for lagging strand DNA synthesis. The presence of CGG repeats on the lagging strand template causes more severe replication fork stalling in bacteria and yeast than is seen when CCG repeats are on the lagging strand template (53, 54) . This is thought to be due to the fact that the secondary structures formed by the CGG repeats are more stable than those formed by CCG repeats, and are thus more likely to impede the replication fork. When replication initiates at ORI III downstream of the repeat, the CCG-strand would be on the lagging strand template. Thus, ORI III may not be as sensitive as ORI II to the presence of the repeats. Any problem with replication may be exacerbated by the fact that, given the proximity of ORI II, the repeat is likely to be replicated by Pol a, the DNA polymerase involved in the initiation of replication. This polymerase is less processive than Pol d and e, the polymerases that carry out later stages of DNA replication (55, 56) , and is more likely to be stalled by regions that form secondary structures (56) . Thus, it may be that the repeat has a more deleterious effect on replication from ORI II than it would have on replication from a more distal ORI.
Treatment of FXS cells with FdU induces the FRAXA fragile site but it does not change the nascent strand abundance profiles of those cells suggesting that FdU does not act by exacerbating the problem with replication of this locus. Rather, it may be acting non-specifically via its effect on nucleotide pools and thus on replication in general. Slower replication as a result of the nucleotide pool imbalance would increase the proportion of FXS cells that enter mitosis before replication of the FMR1 region is complete. If this is so, then treatment with CPT may reduce the fragility of FXS alleles not by decreasing the opportunity for replication-blocking lesions to form, as proposed for some APH-inducible fragile sites (4), but via its ability to efficiently induce a cell cycle checkpoint, thus increasing the length of time that the cells have to complete replication of the long CGG/CCG-repeat tract before mitosis begins. This interpretation makes sense in light of the fact that MMC, which does not affect Topo I, has the same effect on FX chromosome fragility. It is also consistent with our previous demonstration that UCN-01, an inhibitor of CHK1, an important S-phase checkpoint kinase, increases chromosome fragility at this locus (46) , because loss of checkpoint control would mean that cells enter mitosis more rapidly.
The 23 other folate/FdU-sensitive fragile sites that have been described likely have a molecular basis similar to that of FRAXA. Those sites that are located in regions that normally replicate early may represent examples of CGG-repeat tracts that are much longer than the repeat tracts typical of FXS. Such repeat tracts may form an even more serious impediment to DNA replication than the FX repeat and thus take even longer to complete replication. They may thus still not have time to complete replication before mitosis begins despite their replication having started earlier in S phase.
Interestingly, as with FRAXA, all of the folate/FdU-inducible fragile sites whose locations have been precisely mapped also are in the 5 ′ UTR of genes, have one or more ORIs in close proximity ( Fig. 8 and (49) ) and are all associated with repeat-induced DNA methylation. It may be that their location in the 5 ′ UTR of genes predisposes them to fragility because the repeat is frequently replicated by Pol a initiating from a nearby ORI or because the associated gene silencing affects the activity of that ORI.
The fact that the impediment to DNA replication is seen at FRAXA even in the absence of FdU, suggests that chromosome fragility may not simply be an in vitro artifact. Female carriers of methylated FM alleles have a high incidence of Turner syndrome, in which the X chromosome carrying the FM allele is lost (10) . This may be a downstream consequence of chromosome fragility and breakage at FRAXA; Fusion of two broken sister chromatids could result in a dicentric chromosome that would be at high risk of being lost on subsequent cell division. Whether other FdU-inducible fragile sites also make cells prone to chromosome loss is unclear. However, this may only be apparent for fragile sites on the X chromosome because cells that have lost autosomes would not be viable and thus would not be detected.
MATERIALS AND METHODS
Cell lines, primers and probes
The cell lines used in this study are lymphoblastoid cells derived from males with normal FMR1 alleles, and from premutation (PM), who have 55-200 repeats, and FM carriers. They are listed in Table 1 . They were all obtained from the Coriell collection (Camden, NJ, USA). Cells were grown in RPMI 1640 GlutaMAX medium (Life Technologies, Grand Island, NY, USA) with 10% of heat-inactivated fetal bovine serum and 1× antibiotic-antimycotic (both from Life Technologies). The primers used in this study are listed in Supplementary Material, Table S1 . They were all purchased from Integrated DNA Technologies (Coralville, IA). The BAC clone RP11-489K19 containing the human FMR1 gene was purchased from Empire Genomics (Buffalo, NY). 
Chromosome fragility and the mitotic index
Nascent strand abundance assay
A nascent strand abundance assay that was previously used to study the ORI activity of the FMR1 gene was used here with some minor modifications (26) . Specifically, 70 × 10 6 cells with or without 0.1 mM FdU (Sigma) were grown in a volume of 70 ml for 2 h or for 18 h. Cells were then washed with 1× PBS and collected in 240 ml of 10% glycerol in 1× PBS. Agarose (1%) was melted in water and cooled to 608C. Sodium hydroxide and EDTA were added to a final concentration of 50 and 1 mM, respectively, and used to prepare a gel for electrophoresis. The electrophoresis tank was filled to the level of the surface of the gel with a buffer containing 50 mM NaOH and 1 mM EDTA. The cells were then loaded into the wells of the gel and cell lysis allowed to occur for 15 min. The gel was then subjected to electrophoresis for 5 -6 h at 30 V, neutralized in 1× TAE and stained with ethidium bromide. DNA fragments 0.5 -1 kb in length were purified from the gel using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's recommendations. Real-time PCR was carried out with 0.1 mM of the indicated primers using 10 ng of DNA and a Power SYBR w Green PCR Master Mix (Life Technologies) in a StepOnePlus TM real-time PCR machine (Life Technologies). The primer binding sites span 17 kb region of the FMR1 gene flanking the CGG-repeat tract. All primers pairs used are listed in Table 2 and their positions on the FMR1 gene shown in Figure 3 . The primer pair FraX1c corresponds to the primer with the same name used in a previous study that identified an origin of replication (ORI), at the 5 ′ end of the FMR1 gene (26). Frax1.2, Frax1.4, Frax1.5, Frax2, FraX3, FraX5, Frax11 and Frax12 also correspond to primers used in the previous report. The same general naming principle was used for additional primers that were used to interrogate regions both 5 ′ and 3 ′ of these primers. The suffixes SX and DX correspond the forward and reverse primers, respectively, as previously described (26) . It had been previously reported that CGG repeat decreased the PCR efficiency for primers immediately adjacent to this repeat (26) . However, comparison of the PCR yield of different primer pairs on purified genomic DNA from normal and FM carriers showed no significant differences (Supplementary Material, Table S2 ). It allowed us to use all the primer pairs listed without predigestion of the genomic DNA by a restriction enzyme immediately upstream or downstream of the repeat. It also allowed us to use genomic DNA from a single cell line (GM06865) to generate a standard curve for these experiments. The absolute amount of each PCR product was ascertained after normalizing by a standard curve generated from total genomic DNA. As the amount of nascent DNA obtained differed in different cell lines even after normalization to the amount of nascent DNA amplified from the lamin B2 origin (26) , each data point was expressed as a fraction of the highest peak in the dataset. Three independent biological replicates were done for each cell line, the data averaged and the standard deviation calculated for each primer pair.
In silico ORI analysis
The datasets for analysis of the FMR1 ORIs were generated by deep sequencing of nascent strands from HCT116, K562 and a human ESC lines. Replication initiation data used in this manuscript have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE28911. The K562 cell dataset has been previously described (44) .
The ORIs in the FMR1 region were visualized in two ways. IGV 2.3.18, the Broad Institute's Integrative Genomics Viewer (http://www.broadinstitute.org/igv/; (57)) was used to examine TDF files containing the data from each cell line so as to be able to visualize the ORI activity in the 100 kb region centered on the FMR1 gene and to define the extents of the ORIs in the 5 ′ end of the FMR1 gene. The ORI regions were defined and exported as BED files. The UCSC genome browser was then used to examine and annotate a much smaller region of the FMR1 gene using the BED files as custom tracks. The Sequence Manipulation Suite (http://www.bioinformatics.org/sms2/index. html) was used to analyze the sequence of the ORI zone. QGRS Mapper (http://bioinformatics.ramapo.edu/QGRS/analyze.php) was used to identify quadruplex motifs.
Analysis of replication timing
The GEO datasets GSM500933 (42)), GSM500943 (42)) and GSM923447 (43) for BG02, C0202-1 and IMR90 cells, respectively, were downloaded from http://www.ncbi.nlm.nih.gov/geo. For the GSM500943 dataset, a custom script was used to convert oligoIDs into hg18 genomic positions and UCSC tool liftOver (http://genome.ucsc.edu/cgi-bin/hgLiftOver) used to generate hg19 positions. In order to produce data visualization comparable with GSM500943, the WaveSignal file for the GSM923447 dataset in bigWig format was converted to bedGraph format, using the UCSC program bigWigtoBedGraph (http://genome. ucsc.edu/goldenPath/help/bigWig.html), the median of the replication values was determined and subtracted from all values.
